The ability of pig alveolar macrophages to phagocytose Actinobacillus pleuropneumoniae HK 361, which produces both haemolysin II (Apxll) and pleurotoxin (Apxlll), has been studied. Macrophages incubated w i t h HK 361 in the presence of normal pig serum were rapidly killed. Incubation of the macrophages with a haemolysin-def icient mutant (HK 361 e), which possesses only cytotoxic activity (Apxlll), also caused gross damage to the macrophages. A mutant (HK 361 h) which produces neither ApxlI nor Apxlll in i t s culture supernatant allowed longer survival of the macrophages than did either the parent strain or mutant e when incubated w i t h normal pig serum. Prolonged incubation with mutant h resulted in an increase in the number of damaged macrophages, but not to the same extent as w i t h either HK 361 or mutant e. The number of mutant h cells phagocytosed in the presence of normal pig serum was low. The addition of either hyperimmune rabbit serum, raised against whole formalin-treated HK 361 cells, or convalescent pig serum from a pig recovering from a serotype 3 infection, which contained antibody against both ApxlI and Apxlll, did not increase the survival of macrophages incubated with either HK 361 or mutant e. However, incubation of mutant h with convalescent pig serum did result in damage-free macrophages. This serum, which possessed neutralizing capabilities against the toxic activities of Apxll and Apxlll, enhanced the number of mutant h cells phagocytosed compared to the numbers phagocytosed in normal pig serum. Killed bacteria were rapidly phagocytosed and did not damage macrophages. The number of phagocytosed killed bacteria appeared to be similar to that seen with live mutant h cells when incubated in the presence of convalescent pig serum. The presence of a toxic activity associated with the haemolysin-and cytotoxin-negative mutant may represent an additional cell-associated toxin which is not present in its culture supernatant. It appears therefore, that in the absence of extracellular ApxlI and Apxlll and in the presence of convalescent pig serum A. pleuropneumoniae is readily phagocytosed.
INTRODUCTION
tially fatal pig disease (Nicolet, 1992) . Infection occurs via the respiratory route by inhalation of aerosol droplets Actinobacillzrs pleuropneumoniae is the causative agent of containing the bacterium (Sebunya & Saunders, 1983 ; porcine pleuropneumonia, a highly contagious and poten- Nicolet, 1992) . Clinical signs of porcine pleuropneumonia range from chronic to peracute and are characterized by J. M. C U L L E N a n d A. N. R Y C R O F T produce lesions similar to those caused by natural infection (Rosendal e t al., 1980) . These extracellular toxins have been reported to be toxic for phagocytic cells (Bendixen et a] ., 1981; Udeze & Kadis, 1988 ; Rosendal e t a]., 1988; Van Leengoed e t al., 1989) and to possess haemolytic activity (Nakai et al., 1983; Kume & Nakai, 1986 ; Rosendal e t nl., 1988 ; Frey & Nicolet, 1990 ; Kamp et al., 1991) . Three toxin proteins have been identified in the culture supernatants of the 12 serotypes of A. plezlropneumoniae. They have previously been named differently by the various research groups arid include HlyI (Frey & Nicolet, 1990) and ClyI (Kamp etnl., 1991) , HlyII (Frey etal., 1992) and ClyII (Kamp etal., 1991) , and lastly, Ptx (Rycroft e t al., 1991) and ClyIII (Kanip e t al., 1991) .
Recently the nomenclature of the three toxins has been standardized to ApxI, ApxII and ApxIII, respectively (Frey e t al., 1993) .
Alveolar macrophages form a major part of the defence system of the lung against bacterial infection. The damage caused to these cells by A. pleuropneumoniae toxins may reduce the efficiency of this system. This is of obvious advantage to invading bacteria, aiding their colonization and ability to cause disease. The mechanism by which these toxins damage phagocytic cells is unknown; however, it has been shown that ApxI of the serotype l strain 4074 forms pores in phospholipid membranes (Lalonde et al., 1989) . Phagocytosis of A. pleuropnezlmoniae has been documented using porcine polymorphonuclear leucocytes (PMN) and alveolar macrophages (Inzana e t al., 1988; Udeze & Kadis, 1988; Thwaits & Kadis, 1991) . There have also been reports of damage to these cell types by the same A. pleuropnezlmoniae strains (Pijoan, 1986) . These contradictory reports of damage to the phagocytic cells and also of their ability to phagocytose adequately left the situation unclear as to the actual extent of damage caused by A. plezlropnezlxzoniae to phagocytic cells.
Phagocytosis of A. pleuropneumoniae has been studied only in strains that produce both ApxI and I1 (Inzana e t al., 1988; Udeze & Kadis, 1988; Thwaits & Kadis, 1991) . We have previously found that a serotype 2 strain, H K 361, produces a potent cytotoxin associated with a 120 kDa protein (ApxIII, formerly Ptx) which is active against alveolar macrophages (Rycroft e t al., 199 1). However, it was not known whether macrophages are able to phagocytose prior to being killed. The aim of this study was therefore to evaluate whether phagocytosis by alveolar macrophages occurred in the presence of both ApxII and ApxIII, and, secondly, whether phagocytosis was occurring in the absence of ApxII and ApxIII using mutants deficient in either ApxII alone or both ApxII and ApxIII.
METHODS
Bacterial strains and culture conditions. A . pleuropneumoniae strain H K 361 was obtained from the National Collection of Type Cultures (Colindale, UIC). H K 361 mutants e and h have been described previously (Rycroft e t al., 1991) . Mutant e possesses cytotoxin activity only, associated with a 120 kDa protein (ApxIII, formally pleurotoxin), and mutant h is deficient in both ApxII (formally haemolysin type 11, 109 kDa protein) and ApxIII. No other phenotypic differences were found. Growth rates, colony morphology, outer-membrane-protein profiles and lipopolysaccharide of both mutants were found to be identical to the parent strain. Escbericbia coli RY22 was also used (Rycroft e t al., 1983) . A. pleuropneumoniae strains were stored in 10 % (w/v) skimmed milk at -70 "C. Routine culture was made on heated blood agar (prepared with 7 YO, w/v, horse blood), and liquid cultures were grown in Tryptone Soya Broth (TSB; Oxoid) supplemented with 2 pg NAD ml-' (Sigma) (TSB/NAD). E. coli strain RY22 was stored on Dorset Egg slopes. Routine culture was made on nutrient agar and liquid cultures were also grown in TSB. A. pleuropneumoniae was grown overnight on solid medium followed by overnight culture with aeration (100 r.p.m.) in TSB/NAD. Subcultures were then made (1 in 25) into fresh TSB/NAD and grown for a further 2 h until the exponential growth phase was reached. Growth of bacterial cultures was determined by measuring the OD,,, using a Beckman DU 64 spectrophotometer; an OD,,, of 0.1 corresponded to 10' A. plezlropnezrmoniae organisms ml-'.
Inactivation of bacteria. Bacteria were grown as previously described, and treated either for 2 min at 100 "C o r with 0-5 YO
(v/v) formalin overnight to inactivate the bacteria.
Sera. Blood samples were obtained from normal pigs by aseptic venepuncture of the cranial vena cava. The blood was allowed to clot at 37 "C for 30 min followed by 30 min on ice. Serum was separated following centrifugation at 2000g at 4 "C, stored at -70 "C, and working volumes were held at 4 "C. Normal pig serum contained no detectable agglutinating or reacting antibodies against A. plezlropneumoniae, as measured by the standard tube agglutination of whole bacteria (Cruikshank, 1962) and whole bacteria ELISA (Loftager et al., 1993) . Hyperimmune rabbit serum was raised in New Zealand White rabbits by repeated intravenous inoculation, using standard methods (Harlow & Lane, l988) , with formalin-killed cells of H K 361 which had been treated with 0.5 YO (v/v) formalin overnight and washed three times in phosphate-buffered saline. Convalescent pig serum was obtained from a pig with a natural chronic infection caused by a serotype 3 strain, 6664 (Rycroft & Cullen, 1990) . Heat-inactivated serum was treated at 56 "C for 30 min.
Alveolar macrophages. Lungs were obtained from high-healthstatus pigs which were killed with barbiturates and used immediately. Lung lavage was performed using Hanks' Balanced Salt Solution (HBSS; Gibco), which was placed in the trachea by means of a filter funnel. The lungs were inflated to maximum capacity with HBSS and gently massaged. The HBSS was then emptied into a sterile container held on ice and the procedure repeated using fresh HBSS. The suspension collected in this way was then centrifuged at 110 g for 4 min and the pellet washed twice with ice-cold HBSS containing 0.5 Y' gelatin (gel-HBSS) at 4 "C (Leijh et al., 1986; Rycroft e t al., 1991) . Gelatin was added to protect the bacteria in the phagocytosis assay, since HBSS alone is bactericidal (Roberts, 1967) . Remaining red cells were lysed by the addition of 0.87% (w/v) NH,C1 for 10 min. Following centrifugation, the cell pellet was resuspended in gel-HBSS, and the viability of the cell suspension determined by the trypan-blue exclusion test. The cell suspension was adjusted to 1 x lo7 viable cells ml-', and Giemsastained cell preparations were examined for cell type by light microscopy. Phagocytic assay. The method used was based upon that of Leijh e t al. (1986) . Bacteria, grown or treated as previously described, were washed once in gel-HBSS and resuspended in the same buffer to 5 x lo7 cells ml-'. A portion (0.5 ml) of bacterial suspension was incubated with 0.5 ml macrophages Phagoc y to s is of A ctinobacillus plezlropneumoniae (1 x lo7 cells ml-l) and 0.1 ml serum in non-adherent tubes (Leijh et d, 1986) at 37 "C with slow rotation (4 r.p.m.).
Samples were taken at 0, 1 and 2 h; viable bacterial counts and preparations for cytospins and electron microscopy were carried out by the methods described below. Bacteriological determination of undigested unattached viable bacteria was carried out as follows. Samples (100 pl) were transferred to 300 pl icecold gel-HBSS to stop phagocytosis and centrifuged at 110 g for 4 min at 4 "C. Supernatants were carefully aspirated and stored. Pellets were washed twice more using 300 pl gel-HBSS each time, giving a total of 1 ml of washings. A portion (10 pl) of this supernatant was diluted and in gel-HBSS. Samples (100 pl) of each &lution were assessed for viable bacteria by the pour-plate method. The pellets were then used to prepare both cytospin smears and sections for examination by electron microscopy. Pellets were resuspended in 400 p1 gel-HBSS. For cytospins, a portion (200 pl) (4.5 x lo5 cells) of each sample was centrifuged for 5 min at 55g in a cytocentrifuge (Shandon).
Slides were air dried, fixed with methanol and stained with Giemsa solution. The remaining 200 pl samples were used for electron microscopy. Samples were fixed with 1.3% paraformaldehyde and 1.6% glutaraldehyde in 0.1 M sodium cacodylate. They were then postfixed with osmium tetroxide, sectioned, stained with 20 % uranyl acetate and lead citrate and examined with a transmission electron microscope (Zeiss 109).
RESULTS

Phagocytosis of A. pleuropneumoniae
A . pleuropnezlmoniae HK 361, which produces both ApxII and ApxIII, was assessed for phagocytosis by alveolar macrophages following incubation with the macrophages in the presence of normal pig serum.
Lung lavage samples were examined by light microscopy and found to be almost entirely composed of alveolar macrophages (> 99 %). Following exposure of the macrophages to A. pleuropneumonzae H K 361 in the presence of normal pig serum, the majority of the cells observed in the cytospin preparations had already undergone a degree of degeneration in the time 0 sample, which was collected immediately after the addition of the bacteria to the macrophage and serum mixture ( Fig. la ). In the presence or absence of normal pig serum, similar macrophage degeneration occurred. In the presence of serum, bacteria were seen to adhere to the macrophage surface, and occasionally bacteria were present within phagolysosomes. No bacteria were seen to be either phagocytosed or adhering to the macrophages in the absence of serum. After further incubation for 1 and 2 h, all macrophages displayed extensive damage in both the presence and absence of serum (Fig. lb) . Bacteria appeared to be located both around and within the dead macrophages, again only in the presence of serum. The numbers of bacteria observed in the cytospin preparations increased greatly with continued incubation (Fig. 1 b) .
Control macrophage samples, incubated either with E. coli RY22 (Fig. lc) or in the absence of bacteria (Fig. Id) , showed no signs of damage at any stage of incubation. Large numbers of E. coli were seen to be phagocytosed after 1 and 2 h incubation in the presence of serum (Fig. lc) .
Effect of A. pleuropneumoniae haemolysin (Apxll)and cytotoxin (Apxll1)-negative mutants on alveolar macro phages
Alveolar macrophages were incubated with A. pleuropnetrmoniae mutants negative in either ApxII alone or both ApxII and ApxIII. Mutants e and h were evaluated for phagocytosis in the presence of normal pig serum.
The haemolysin-deficient mutant, H K 361 e, which possessed only the cytotoxin (ApxIII), was found to behave in an identical fashion to the parent strain, HIS 361. Incubation of this strain with the macrophages resulted in the rapid death of macrophages in both the presence and absence of serum (Fig. le) . The increase in bacterial numbers over time, seen associated with the degenerating macrophages in the presence but not the absence of normal pig serum in the cytospin preparations, appeared to be similar to the parent strain, HK 361.
Incubation of macrophages with the cytotoxin-and haemolysin-negative mutant h, resulted in a large proportion of the macrophages remaining alive in the time 0 sample (Fig. lf) . Bacteria were observed both adhering to, and within, the macrophages in the presence of serum (Fig. lf) . After 1 and 2 h incubation, a proportion of macrophages still appeared healthy ; however, a similar number showed signs of degeneration (Fig. lg) . Phagocytosed bacteria could still be seen, although numbers did not appear to increase with prolonged incubation (Fig. 1s ).
Effects of immune sera on macrophage survival and ability to phagocytose
Phagocytosis assays were also carried out in the presence of immune sera which contained antibodies against ApxII and ApxIII. This was to assess, firstly, any increase in survival of macrophages incubated with A . pleuropneumoniae due to the presence of neutralizing antibodies against the ApxII and ApxIII and, secondly, any increase in the number of phagocytosed A. pleuropneumoniae when incubated with immune sera. H K 361 and mutants e and h were assessed for phagocytosis by alveolar macrophages incubated with both convalescent pig serum and hyperimmune rabbit serum.
No difference in the degree of damage caused to the macrophages incubated with H K 361 and mutant e was seen when the assays were incubated with either of the immune sera. Macrophages incubated with HK 361 and mutant e continued to sustain extensive damage. Preopsonization of H K 361 bacteria for 30 min at 37 "C prior to incubation with the macrophages did not reduce the level of damage to macrophages.
Incubation of mutant h with immune sera resulted in the macrophages initially appearing healthy. Continued incubation in the presence of hyperimmune rabbit serum resulted in the killing of a proportion of macrophages comparable to that seen with normal pig serum. The presence of convalescent pig serum, however, did appear to reduce damage to the macrophages, resulting in most of the cells remaining healthy following continued incubation (Fig. lh) . Bacteria could be clearly seen adhering to macrophages and within phagolysosomes (Fig. lh) . The numbers of phagocytosed bacteria also appeared to increase with prolonged incubation. Phagocytosis of mutant h was confirmed following electron microscopy. Bacteria could be seen within phagolysosomes ( Fig. 2a) . A double membrane could be clearly seen surrounding several of the bacteria (Fig. 2b) .
In control samples where mutant h was incubated with macrophages in the absence of serum, a slight reduction in the level of toxicity was observed after 1 h incubation compared to all other serum conditions, excluding the convalescent serum. This difference could only be seen in the 1 h sample. After 2 h incubation, the macrophages were at similar levels of degeneration in all the other serum conditions except the convalescent serum. Controls of macrophages incubated in the presence and absence of E. coli bacteria showed no signs of damage as previously described (Fig. lc, d) .
Phagocytosis of inactivated A. pleuropneumoniae
Both toxins produced by HK 361 are heat labile (Rycroft e t dl., 1991) . Other researchers have documented, from a different serotype 2 strain, a heat-stable toxin(s) that possessed both haemolytic and cytotoxic properties and was polysaccharide in nature (Kume & Nakai, 1986) . T o assess whether the damage seen to macrophages incubated with mutant h in the presence of normal pig serum was related to such a factor, bacteria inactivated by heat or formaldehyde were assessed for phagocyt osis.
HK 361 mutant h bacteria, killed either by heat or by formaldehyde, appeared to be readily phagocytosed by the macrophages in the presence of each serum used. In the time 0 samples, bacteria could already be clearly seen inside the macrophages. After incubation for 2 h, the number of phagocytosed bacteria had increased substantially compared to the first sample ( Fig. li) . No damage to the macrophages was apparent in any of the later samples. No difference in the degree of phagocytosis of A. pleuropnezrmoniae was detected when incubated in the presence of either normal or immune pig serum. All macrophage controls were as previously described.
Determination of extracellular viable bacterial counts
Reproducible counts of extracellular bacteria could not be determined for A. pleuropnezrmoniae. The ability of A. pleuropneumoniae to form chains, and the adherence of large numbers of bacteria to the degenerate macrophages, even after three slow-speed washes to remove extracellular bacteria, may have contributed to the observed irregularities. Reproducible extracellular bacterial counts were obtained for the E. coli controls. Bacterial counts decreased with increased incubation time in the presence of both macrophages and serum. Increases in extracellular bacterial counts over time were observed for the serumfree control, and also in the macrophage-free control both in the presence and absence of serum. The increase in bacterial counts was very similar for the above three controls.
DISCUSSION
The results obtained to date regarding phagocytosis of A. pleuropneumoniae strains have been documented with strains that produce both ApxI and ApxII (Inzana e t al., 1988; Udeze & Kadis, 1988 Thwaits & Kadis, 1991) . Strains of serotypes 2, 3, 4, 6 and 8 also produce a 120 kDa protein (Cullen & Rycroft, 1992; Macdonald & Rycroft, 1992) which is associated with cytotoxicity (Rycroft e t al., 1991) . The aim of this work was to assess whether a serotype 2 strain of A. pleuropneumoniae is phagocytosed by alveolar macrophages in the presence or absence of toxic activities ApxII and ApxIII.
Phagocytosis of HK 361 or mutant e could not be assessed due to the rapid toxic effect of these organisms on the macrophages. The addition of immune serum with or without preopsonization for 30 min at 37 "C did not remove this toxic effect. The difference observed in the neutralizing ability of the immune serum compared to that previously seen (Rycroft e t al., 1991) may be related to the continual production of toxic activity by the growing bacteria during the phagocytic assay. A fixed amount of toxin was present in the culture supernatant used in the previous study. Continued production may allow the toxin to overcome the neutralizing ability of serum anti body.
The absence of ApxII in mutant e appeared not to reduce the level of macrophage damage, suggesting it was not the only cause of the observed bacterial toxicity. This is in agreement with work of others, who have found the ApxII to be weakly haemolytic and the least cytotoxic of the three known cytotoxins (ApxI, I1 and 111) (Frey & Nicolet, 1990 ; Rycroft e t a/., 1991; Smits e t al., 1991; Kamp e t al., 1991) . The limited macrophage damage observed after 1 and 2 h incubation with mutant h may be due to the production by this mutant of a lower level of toxic activity not detectable in our assays, as culture supernatant from mutant h has previously been found to be non-toxic for alveolar macrophages, and neither ApxII nor ApxIII was detected in the culture supernatant by immunoblotting (Rycroft e t al., 1991) . It may also be speculated that the reduced toxic activity observed in A. plezrropneumoniae mutant h represents some other cellassociated toxic component.
Only in the presence of convalescent pig serum was the toxicity of mutant h for macrophages neutralized. The lack of neutralization of toxic activity by the hyperimmune rabbit serum, which contained cross-reacting but not neutralizing antibodies against both ApxII and ApxIII (personal observations), may also imply the involvement of toxic activities in the macrophage damage by mutant h. The increase in phagocytosed mutant h following prolonged incubation in the presence of the immune pig serum suggests the toxin-neutralizing abilities of the convalescent pig serum are required to enhance the phagocytosis of this organism. Whether this is a result of -
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On: Mon, 31 Dec 2018 00:33:45 P h a g o c y t o s is of A ctino bacilh pleuropneBmoniae the neutralizing abilities of the immune serum alone, or when in combination with the presence of specific antibodies which have been reported to enhance opsonization of A . pleui.c/pneur~~oniae, is not known (Thwaits & Kadis, 1991) . The rapid phagocytosis of the killed bacteria, and the lack of damage to the alveolar macrophages incubated in normal pig serum, suggest that A.
pleurop~~ezlmoniae is phagocytosed in the absence o f any heato r formaldeh yde-sensitive extracellular toxins. The phagocytosis of killed mutant h also suggests that the toxic activity of this mutant is heat labile and therefore not LPS associated, nor is it the same as the heat-stable toxin described b!, Iiume & Nakai (1986).
Attempts were made t o assess whether phagocytosed mutant h ce!ls werc killed by macrophages. However, the use of the detergent Triton X at a concentration which lysed the macroph'iges (0.1 "A) was found to be toxic for the bacteria. Rapid freeze/thawing techniques in the presence of bovinc serum albumin (1 'A) also killed the bacteria. However, it is of interest that, in Fig. 2 , 1991) . ApxI is reported to possess strong cytocidal activity, and ApxII a weaker activity (I<amp ef al., 1Wl). However, toxicity to alveolar macrophages has also been caused by the same strains (Pijoan, 1986 ). These differences may have been related to these two strains being toxic for porcine alveolar macrophages but not for PMN. A third study used porcine alveolar macropha'qes to study phagocytosis of serotype 1 strain 4074 (Ude;/e & Kadis, 1988). They did report toxicit!of the puritied ApxI for alveolar macrophages and PMN alike; howeirer there was no discussion of whether toxicity wax observed in the phagocytosis assays with whole bacteria. Recent studies with the same strain, 4074, have since found that this strain was in fact toxic for PMN (Udeze & Kadis, 1992) . These researchers found that substantial phagoc!.tosis could only be achieved when the assay was carried out in the presence of serum containing antibodies to ApxI and 11. It would therefore appear that this strain (4074), producing ApxI and TI, is toxic for both PMN and macrophages alike; however the presence of immune serum neutralizes the toxic effect of the bacteria and phagocytosis can therefore be assessed. This would explain why there have been contradictory reports of damage to phagocytic cells by both culture supernatant and live bacteria, which were assessed in the absence of immune serum, and phagocytosis of the same strains, which were assessed in the presence of immune serum.
We have found that even in the presence of immune serum the toxic action of viable strains producing ApxIII for pig alveolar macrophages cannot be neutralized.
The delayed death of the macrophage in the serum-free control may suggest that attachment of the organism to the macrophages enhances the action of the toxic components. It has been suggested that the toxin operates by a diffusion mechanism (Udeze & I<adis, 1988).
In summary, the results of the investigation suggest that phagocytosis of A. pleuropneumoniue serotype 2 strain by alveolar macrophages can only occur in the absence of both ApxII and ApxIII and in the presence of immune serum. When ApxIII is present, either alone (mutant e) or in combination with ApxII (HK 361), phagocytosis cannot be assessed. This is due to the extremely toxic activity of the ApxIII, which cannot be entirely neutralized by immune serum when live bacteria are used. We therefore suggest that A. plezlropnezlmoniue would be phagocytosed except for the fact that it produces toxins active against phagocytic cells.
